Low pressure plasmas containing indium halides as radiators are discussed for lighting applications as efficient alternative to mercury-containing fluorescent lamps. To gain insight in plasma parameters like the vibrational and rotational temperature of the molecule, the near UV emission spectra of the indium halides arising from the A 3 Π 0 + → X 1 Σ + and the B 3 Π 1 → X 1 Σ + transitions are simulated. Such a simulation requires Franck-Condon factors and vibrationally resolved transition probabilities which are not available in the literature for InCl. Therefore, they have been calculated by solving the Schrödinger equation using the Born-Oppenheimer approximation. The values of the Franck-Condon factors and the transition probabilities are presented. For the A − X transition a good match of the simulated and measured spectra could be achieved but for the B − X transition neither the relative intensity nor the wavelength could be reproduced. This indicates that for the B state the values of the molecular constants, the potential curve and/or the electronic dipole transition moment of the B − X transition are inaccurate. Despite this mismatch the rotational and vibrational temperatures of the molecule can still be determined using the A − X transition.
Introduction
The utilization of indium halides as radiator in low pressure discharges is discussed as efficient alternative to common fluorescent lamps which contain hazardous mercury [1] . The desired emission is located in the near UV spectral range between 300 and 400 nm which allows for a small Stokes shift (the energy lost in the conversion process of UV into visible light by means of a phosphor).
The emission arises from both the A 3 Π 0 + → X 1 Σ + and the B 3 Π 1 → X 1 Σ + transition (an exemplary emission spectrum of InCl is shown in figure 1 ). Investigations of InBr, InCl and InI already proved the high efficiency of such a kind of discharge lamp [2] . However, in order to maximize the near UV radiation systematically, the population mechanisms of the molecular states involved in the desired transitions have to be investigated. This can be achieved by simulating the relative emission spectra and fitting it to the measured spectrum [3] . Such a simulation calculates the vibrational and rotational population based on molecular constants, Franck-Condon factors and vibrationally resolved transition probabilities. For InBr such a simulation has already been realized successfully [4] . In this paper the simulation of the emission spectrum is carried out for the InCl molecule. In general it is based on the same computing method as for InBr, but the molecule-specific parameters such as molecular constants, FranckCondon factors and transition probabilities are substituted. For InCl neither Franck-Condon factors nor vibrationally resolved transition probabilities can be found in the literature. Therefore this data was calculated from potential curves and electronic dipole transition moments using the program TraDiMo [5] . The input parameters and the results of this calculation are described in section 2. The comparison of simulated and measured spectra is carried out in section 3.
Simulation of the emission spectrum
Only a brief description of the calculation method is given here, the reader is referred to [4] for a more detailed explanation. The simulation of the InCl emission is based on the calculation of the vibrational and rotational populations of the electronic ground state X and the first two excited electronic states A and B assuming Boltzmann distributions with the vibrational temperature T V ib and the rotational temperature T Rot . The assumption of such a distribution is reasonable as the energy difference of the single vibrational and rotational states (∆E V ib ≈ 0.03 eV, ∆E Rot ≈ 3 × 10 −5 eV) is low compared to the gas temperature (typically above 800 K) or the electron temperature (typically just below 1 eV). The first 25 vibrational states and the first 300 rotational states of each electronic state are included in the calculations as this proved to be necessary to achieve a good match between simulation and measurement for the InBr molecule [4] .
The vibrational population is calculated in the electronic ground state and transferred to the A or B state by applying Franck-Condon factors. This corresponds to a population of the excited states by electron impact excitation out of the ground state. As the redistribution of the rotational population in the excited electronic state via collisions with the background gas happens on a much shorter time scale than the radiative decay [6] , the rotational population can be calculated directly in the excited electronic states. The relative intensity of the emission is then derived from the calculated population in the excited rovibronic state, the vibrationally resolved transition probabilities, the Hönl-London factors and constants of the particular transition such as statistical weights and the frequency of the emission line. For each emission line a Gaussian line profile having the full width at half maximum of the apparatus profile is calculated and folded with the relative intensity of the line. By adding up all emission lines from both the A − X and the B − X transition, the simulated spectrum is obtained.
As mentioned above, the simulation requires molecular constants, FranckCondon factors and vibrationally resolved transition probabilities as input parameters. As these parameters are isotope-specific, the isotopes of InCl having a relevant natural abundance must be considered in the simulation. In 37 Cl (3.25% and 1.04% resp.) are neglected due to their low abundance.
The molecular constants of InCl are taken from [7] which is a recent review of the spectroscopic constants of the diatomic indium halide molecules. However, Franck-Condon factors (F CF ) and vibrationally resolved transition probabilities A Four different sets of potential curves for the relevant states of InCl are avail-able: RKR potential curves [7] , potential curves from two different quantum mechanical calculations [8, 9] and those obtained by a pseudopotential approximation [10] . As the data for RKR potential curves are only available up to a vibrational quantum number of 16 they are fitted using Morse potential curves which can be derived using molecular constants taken from [7] . The electronic dipole transition moments are given by [8] or by [11] . TraDiMo calculations were carried out with each possible set of potential curves and dipole transition moments for both relevant isotopes of InCl.
As the different potential curves and dipole transition moments deviate from each other, the obtained sets of F CF and A and compared to measured emission spectra. For the A − X transition a satisfying agreement of simulated and measured spectra could only be achieved with the data derived using the Morse potential curves and the electronic dipole transition moments of [11] . For the B − X transition the relative intensity and the wavelengths of the emission lines could not be reproduced properly with any parameter set. The smallest deviation between simulation and measurement was achieved by using the F CF and A
obtained from the Morse potential curves and the electronic dipole transition moments of [11] . An exemplary comparison of simulation and measurement demonstrating the deviations is shown in section 3. Possible reasons of the mismatch of the B − X transition are also discussed in this section.
As the calculation of Morse potential curves is based on molecular constants slightly different curves are obtained for each isotope which also lead to slightly different values of the determined F CF and A Figure 3 shows a sketch of the experimental setup used for the measurements of the emission spectra. Discharges are generated in sealed cylindrical vessels (diameter 2.5 cm, length 18 cm) via inductive RF coupling at a frequency of 13.56 MHz and a power of 100 W. The vessels are filled with argon at a pressure of one mbar and a few mg of InCl salt. As the vapour pressure of InCl is very low at ambient temperature, the discharge vessel is placed in a heat container made out of aerated autoclaved concrete and heated up to several hundred degrees with hot air. In order to control the evaporated amount of the indium halide, a setup has been realized where the cold spot location is well-defined and the cold spot temperature (which determines the indium halide density in gas phase) is adjustable. For details on the setup and its performance see [12] . The optical emission spectroscopy measurements are performed at an axial (radial centred) line-of-sight (LOS) utilizing a wavelength and intensity calibrated high resolution spectrometer equipped with a CCD detector (focal length 750 mm, grating 1800 lines/mm). The full width at half maximum of the apparatus profile is 25 pm at 370 nm. Such a high spectral resolution is necessary in order to allow for a determination of the vibrational and the rotational temperature with high accuracy [4] . However, it should be noted that the single emission lines always overlap as the line width determined by natural, pressure and Doppler broadening is larger than the wavelength separation of the individual lines. Therefore, the high resolution is required to resolve the detailed structure of the whole band and not to resolve the single rotational branches. Figure 4 shows an exemplary emission spectrum obtained from an InCl containing argon discharge at a cold spot temperature of 221
Comparison of simulated and measured spectra
• C together with a simulation. The spectra are normalized to the maximum intensity of the ∆v = v ′ − v ′′ = +2 sequence of the A − X transition. It can be seen that the A − X transition (which is primarily located above 350 nm) is reproduced quite well whereas neither the wavelength nor the relative intensity of the B − X transition (mainly located below 350 nm) matches the measurement. Looking at the spectra in more detail the mismatch of the ∆v = +3, +2 and +1 sequences of the B − X transition is obvious ( figure 5 a) ) whereas even the details of the ∆v = +1 sequence of the A − X transition are reproduced very well (see figure In figure 6 the simulated ∆v = +1 sequence of the A − X transition is shown for a variation of the vibrational and of the rotational temperature. It can be seen that the vibrational temperature primarily determines the relative intensity of the whole sequence whereas the rotational temperature mainly influences the relative intensity in the left edge of the sequence. Due to the good reproduction of the measurement by the simulation concerning the A − X transition and especially the ∆v = +1 sequence, the vibrational and rotational temperatures can be determined with high accuracy. The error can be estimated to be ∆T V ib = ∆T Rot = ±50 K.
In order to discuss possible reasons for the deviation of the wavelength posi- tion and of the relative intensity of the B − X transition, the input parameters of the simulation which influence these quantities have to be considered. The wavelength of the particular emission lines is calculated using only molecular constants of the involved electronic states. Therefore, the mismatch between simulation and measurement regarding the wavelength position can be assigned to be caused by the molecular constants. As the wavelength position of the A − X transition is reproduced well, it can be assumed that the molecular constants of the X state are correct and the deviation has to be caused by inaccurate molecular constants of the B state. The mismatch of the relative intensity of the simulated emission can be caused on the one hand by inaccurate potential curves and on the other hand by an inaccurate electronic dipole transition moment for the B − X transition. Again, as the A − X transition is reproduced well, the assumption can be made that the potential curve of the X state is accurate. This narrows the possible causes for the deviation down to inaccuracies of the potential curve of the B state or of the electronic dipole transition moment of the B − X transition.
Conclusion
Indium halides are discussed for lighting purposes as efficient alternative to hazardous mercury containing fluorescent lamps. To optimize the efficiency, insight in the molecular population processes is highly desirable. In order to achieve this goal a simulation of the relative intensity of the emission spectrum can be carried out. This simulation requires Franck-Condon factors and vibrationally resolved transition probabilities which were not available in the literature for InCl. Therefore this data has been calculated using the program TraDiMo and different sets of potential curves and electronic dipole transition moments as input parameters. The best match between measured spectra and simulated ones has been achieved for the data derived from Morse potential curves and electronic dipole transition moments taken from [11] . Using this input data which is presented in the tables in the appendix, the simulation can be fitted to the measurement for the A − X transition very well (especially to the ∆v = +1 sequence) whereas the B − X transition shows deviations concerning the wavelength position and the relative intensity.
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